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Electric-field  effects  in  ESR  spectrum  of  low-spin  (S=l/2)  tetragonal  center  Ni34  was  studied  in  KTaCb  single 
crystals.  Orientation  of  the  centers  as  well  as  splitting  of  the  resonance  lines  was  found  resulting  from  the 
external  E-field  interaction  with  the  electric  dipole  moment  of  the  center.  The  value  of  the  dipole  moment  was 

determined  to  be  p=103D=21.4  eA.  An  analysis  of  the  experimental  results  allowed  us  to  make  a  reasonable 
choice  of  microscopic  models  for  two  nickel  centers  in  KTa03. 
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the  European  Office  of  Aerospace  Research  and  Development  (CRDF  grant  no.  RPG-1385-ST~03). 


1.  Introduction 


Iron-group  impurities  in  KTaOj  are  known  to 
enter  substitutional  ly  on  either  tantalum  or 
potassium  site.  Besides,  these  3-d  ions  can  have 
different  defects  in  a  close  proximity,  thus  forming 
a  wide  variety  of  defect  centers  in  potassium 
tantalite. 

In  late  sixties,  two  tetragonal  Ni34  centers  were 
found  in  KTaCb  [  E  ];  recently  we  have  observed  a 
nickel  center  of  orthorhombic  symmetry  [10], 
Unlike  two  Fe31  centers  found  in  KTa03  [14], 
tetragonal  Ni34  centers  can  have  two  different  spin 
values  -  low-spin  (S=l/2)  and  high-spin  (S=3/2) 
depending  on  the  type  of  cation  nickel  substitutes 
for  (Ta  site  has  an  octahedral  surrounding  whereas 
K  site  has  an  icosahedral  surrounding). 

However,  the  exact  positions  of  each  of  the  two 
centers  remain  unclear.  Most  likely,  this  problem 
can  not  be  solved  with  the  use  of  only  Hund’s  rule, 
without  knowledge  of  three  characteristic  energies: 
crystal  field  splitting  of  the  levels  lODq,  spin-orbit 
coupling,  and  exchange  interaction. 

The  origin  of  tetragonal  distortion  of  the  crystal 
field  is  another  open  question.  The  authors  of  [1] 
suggested  a  J  aim- Teller  nature  of  tetragonal 
distortion,  others  believe  it  to  be  rather  a 


neighboring  oxygen  vacancy  [3],  potassium 
vacancy  [2],  interstitial  oxygen,  or  a  nonccntral 
position  of  nickel  ion  [2], 

This  paper  presents  the  study  of  the  electric- 
held  effects  in  the  ESR  spectrum  of  the  low-spin 
(S=l/2)  center  Ni34  in  KTa03.  An  analysis  of  the 
experimental  results  allowed  us  to  choose  a 
microscopic  model  for  the  center. 


2*  Experiment  technique 

The  experiments  were  performed  on  the 
samples  of  potassium  tantalate  grown  in  the 
Laboratory  of  Crystal  Growth  of  Gsnabruck 
University,  Germany.  Rectangular  samples  with 
the  edges  aligned  with  <10Q>  and  measuring 
typically  0. 9x4x6  mm  were  cut  from  a  single¬ 
crystal  boule.  Aquadag-paste  electrodes  were 
deposited  on  4x6 -mm  faces.  The  sample  with 
electrodes  was  immersed  in  an  insulating  paste. 
This  made  it  possible  to  apply  a  high  voltage  (up  to 
10  kV)  across  the  sample,  not  only  in  liquid  but 
also  in  gaseous  nitrogen.  The  ESR  spectra  were 
measured  on  a  modified  3 -cm  Radiopan  SE/X2544 
spectrometer  with  100-kHz  magnetic  field 
modulation. 

ESR  signals  from  both  low-spin  (S=l/2)  and 
high-spin  (S=3/2)  centers  are  observed  in  as-grown 
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KTaOi  samples  exposed  to  UV  light  at  78  K. 
Subsequent  Irradiation  of  the  sample  with  red  light 
increases  concentration  of  high-spin  centers  and  at 
the  same  time  decreases  that  of  low-spin  centers. 


sample 


-[010] 


(100] 


Fig.  I  Direction  of  the  electric  and  magnetic  fields 

3.  Linear  dependence  of  fine  splitting  on  electric 
field 


An  external  electric  field  up  to  105  kV/cm  was 
applied  at  liquid  nitrogen  temperature  along  one  of 
the  cubic  axes  of  the  KTa03  crystal  (Fig,  I).  In  this 
layout,  for  the  centers  with  the  axis  parallel  to  x,  an 
electric- field  effect  manifests  itself  in  a  partially 
resolved  line  splitting  (Fig,  2)* 


Fig.  2.  Splitting  in  the  external  electric  field  of  the 
ESR  line  of  the  ]ow-spm~Nr+  center  oriented  along  x> 

E  ||  y,  E  =  105  kV/cm,  T  =  78  K,  v-  9.4  GHz..  Circles  -, 
the  values  extracted  from  the  experiment  as  explained  in 
the  text,  line  -  linear  fix, 

The  splitting  appears  as  soon  as  the  field  is 
applied,  and  there  are  no  further  changes  in  the 
splitting  value  or  in  the  intensities  of  the 
components.  This  means  that  there  are  two  states 
of  the  center,  which  arc  unresolved  in  the  absence 
of  the  electric  field. 

At  lower  values  of  the  applied  field  the  effect  is 
observed  as  a  broadening  of  the  line  that  initially 
has  a  width  of  6.5  Oe.  In  order  to  extract  the  values 


of  line  splitting,  we  made  a  fit  of  the  experimental 
line  shape  with  the  zero-field  line  split  in  two 
halves  by  a  variable  parameter.  Fig.  2  shows  the 
splitting  parameter  that  gives  the  best  match,  which 
yields  a  linear  dependence. 

4.  Alignment  of  Ni  Centers  in  the  Electric  Field 

Linearity  of  the  electric- field  effect  in  the  ESR 
spectrum  of  the  discussed  center  is  evidence  for  a 
non-inversion  symmetry  in  the  site  with  substituent 
nickel*  In  other  words,  the  discussed  center  must 
have  an  electric  dipole  moment. 

To  be  oriented  by  an  external  electric  field,  the 
dipole  center  must  have  a  possibility  to  undergo 
spontaneous  (thermal)  reorientations  at  the 
temperature  of  the  experiment*  These 
reorientations  are  not  observed  at  T=78  K,  but  they 
are  detectable  at  higher  temperatures,  A  distinct 
alignment  of  nickel  centers  was  observed  between 
120-130  K. 

By  varying  a  temperature  within  this  range,  we 
have  determined  a  value  of  the  electric  dipole 
moment.  The  ratio  of  intensities  of  the  lines  related 
to  differently  oriented  centers  was  measured  in  a 
tw'o-step  procedure; 

a)  an  E-field  was  applied  to  the  sample  along  one 
of  the  cubic  axes  at  120-130  K.  In  this 
temperature  interval,  the  equilibrium  between 
the  centers  aligned  along  and  perpendicular  to 
the  direction  of  E-field  is  established  rather 
quickly  (2-3  minutes  at  125  K). 

b)  Subsequently,  the  temperature  was  rapidly  (in  a 
5-10  seconds)  decreased  to  100  K  (the 
characteristic  reorientation  lime  at  100  K  is 
about  few  days),  the  E- field  was  switched  off, 
and  ESR  spectrum  was  recorded.  Recording  the 
spectra  in  zero  E -field  allows  for  the  avoidance 
of  a  problem  with  line  shape  distortion  by 
external  field* 

The  ratio  ny/nx,  where  ny  and  nx  are  intensities  of 
the  resonance  lines  of  the  Y  and  X  centers  (E-field 
was  parallel  to  Y  axis)  wras  plotted  in  coordinates 
arch(ny/nx)  vs.  E/kT  (Fig. 3),  ITie  dependence 
appears  linear  with  a  good  accuracy.  The  data  on 
Fig.  3  were  obtained  by  varying  the  external  E-field 
from  0  to  74  kV/cm  and  the  temperature  from  122 
to  130  K.  The  slope  ratio  of  the  line  is  equal  to  the 
electric  dipole  moment  of  the  center  p: 

p  =  (21.4±2,0)  eA  =(103±10)D 
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Fig.  3.  arch (rt/iix)  as  a  function  of  E/kT.  The  values 
were  obtained  from  the  measured  ratios  of  the  concentra¬ 
tions  of  the  centers  oriented  along  y  and  x  axes  at  differ¬ 
ent  temperatures  and  external  fields. 

5,  Line  splitting  dependence  on  the  orientation 
of  electric  and  magnetic  fields 

Fig,  4  shows  the  angle  dependence  of  resonance 
line  splitting  for  the  centers  oriented  along  x  axis, 
when  electric  Held  is  perpendicular  to  the  axis  of 
the  center  (  E  ||  v  )  and  the  magnetic  held  rotates  in 
the  (xz)  plane  (Fig.  1)*  The  splitting  equals  zero  for 
the  directions  H  ||  x  ,  H  \\y ,  and  H  ||  z ;  it  reaches 
a  maximum  when  H  lies  in  (xz)  plane  at  -45°  to  the 
x-  axis. 


H||x  ar  degree  H|[y 

[100]  [010] 


Fig.  4.  Correlation  between  the  angular  dependence  of 
the  splitting  in  the  electric  field  and  that  of  the  first 
derivative  of  the  resonant  magnetic  field.  Circles  - 
splittings  in  the  dcctric  field  (left  axis),  solid  curve  -  first 
derivative  of  resonant  magnetic  field  (right  axis),  the 
centers  are  oriented  along  x-axis,  E .  =  105  kV/em. 


To  the  best  of  our  knowledge,  a  similar 
manifestation  of  electric- field  effect  in  ESR  was 
observed  only  once  [9]  on  the  Fe3+K— O,  center  (in 
potassium  tantaiite  also). 

It  is  explained  as  follows;  in  the  electric  field 
perpendicular  to  the  axis  of  the  center,  the  dipole 
center  slightly  rotates  by  a  small  angle. 
Consequently,  the  angle  between  the  axis  of  the 
center  and  the  direction  of  the  magnetic  field 
changes.  In  the  layout  shown  in  Fig.  I  for  the  center 
with  dipole  moment  along  +x,  this  angle  slightly 
decreases,  whereas  for  the  center  with  dipole 
moment  along  -x,  it  slightly  increases;  therefore, 
the  shifts  are  opposite  and  the  line  splits.  The  value 
of  the  splitting  must  be  directly  correlated  with  the 
first  derivative  of  the  resonant  magnetic  field  as  a 
function  of  angle  in  this  plane,  which,  indeed,  takes 
place  as  one  can  see  on  Fig.  4, 

In  addition  to  the  effect  described  in  [9|,  we 
have  observed  also  a  splitting  of  the  resonance  lines 
(smaller  in  magnitude  than  one  described  above) 
for  the  centers  parallel  to  the  external  electric  field. 
Although  we  failed  to  obtain  a  presentable  angle 
dependence  5H(H)  in  this  layout,  the  presence  of 
the  effect  is  beyond  any  doubts. 

6,  Discussion  on  the  microscopic  structure  of  the 
center 

6.1  As  noted  in  the  introduction,  two  tetragonal 
ESR  spectra  are  observed  in  KTaO^Ni  and  attrib¬ 
uted  to  ions  with  different  values  of  effective 
spin.  To  clarify  the  position  of  each  of  the  two  Ni3  1 
ions  in  the  lattice  of  potassium  tanfalate  we  com¬ 
pared  electric- fie  Id  effects  observed  on  Ni3+  ions 
with  those  found  for  Fe3+  in  KTa03.  As  mentioned 
above,  the  main  features  of  electric- field  effect  for 
Ni3+  centers  perpendicular  to  E-field  are  similar  to 
the  results  reported  for  Fe3+  ions  in  potassium  site 
in  KTa03  (Fe3+K-Oj)  [9J.  Authors  of  [9]  suggested 
the  mechanism  for  the  effect  to  be  a  rotation  of  the 
dipole  center,  by  a  small  angle,  in  the  external  elec¬ 
tric  field.  It  is  important  that  the  ionic  radii  of  Ni3^ 
and  Fe3+  ions  are  both  much  smaller  than  that  of  K+ 
(~1.4  A),  which  makes  it  easier  for  the  centers  to 
deviate  in  an  external  field.  We  believe  this  is  a 
strong  argument  for  the  potassium  site  to  be  occu¬ 
pied  by  the  low-spin  nickel  ion.  On  the  other  hand, 
the  electric  field  docs  not  split  resonance  lines  in 
the  ESR  spectrum  of  the  high-spin  (S“3/2)  Ni3+ 
center.  Absence  of  the  electric  field  effect  was  also 
reported  for  the  Fe3+Ta  center,  iron  in  the  tantalum 
site,  [13]  and  this  justifies  our  assignment. 
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6.2  Another  issue  regarding  the  microscopic 
structure  of  nickel  centers  that  remained  unclear  up 
to  date  is  the  origin  of  tetragonal  symmetry  of  the 
crystal  field.  The  linearity  of  the  electric- field 
effect  reported  in  this  paper  allows  us  to  disregard 
the  idea  of  Jahn -Teller  nature  of  tetragonal 
distortion  of  the  low-spin  nickel  center  in  potassium 
tantalite  as  given  earlier  [1]. 

Furthermore,  the  dipole  m  oment  of  the  center  is 
very  unlikely  to  arise  from  a  noncentral  position  of 
the  nickel  ion  because  of  a  relatively  large  value  of 
the  dipole  moment  (p=2 1 .4  eA),  On  the  other  hand, 
the  value  found  tor  p  differs  by  only  30%  from  that 
of  the  Fc^+K-Oj  center  in  KTaCh  [13];  the  structure 
of  the  latter  was  reliably  established  in  [14]  by 
means  of  ENDOR.  This  allows  us  to  suggest  that 
the  low- symmetry  center  of  nickel  has  a  similar 
structure,  i.e.  Ni34-  in  potassium  site  next  to  an 
interstitial  oxygen  (Nr^^-Oif 
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